Drug-resistant bacteria are a major public health concern [1] [2] [3] , and Gram-negative bacteria are particularly troubling as they are insensitive to many commonly used antibiotics 2, [4] [5] [6] [7] [8] . Exacerbating this problem is the fact that a new class of antibiotics that are active against Gramnegative bacteria has not been introduced into the clinic since the quinolones in 1968 4 . This void in discovery is not due to a lack of effort; as one example, in 2007 GlaxoSmithKline reported screening around 500,000 synthetic compounds for activity against Escherichia coli, but no tractable hits were identified 1 . Gram-negative bacteria have two cellular membranes, and the lipopolysaccharide-coated outer membrane is very challenging for small molecules to cross 5, 8, 9 . Compounds that are able to traverse this outer membrane typically do so through narrow β -barrel proteins called porins, channels that are lined with charged amino acids 10 . Once inside the cell, small molecules are susceptible to efflux pumps 5, 6, 8 ; thus, to accumulate in Gram-negative bacteria to a level that is sufficient for activity, small molecules typically must traverse porins faster than they are pumped out.
Central to the problem of discovering antibiotics that are effective against Gram-negative bacteria is a limited understanding of the physico chemical properties that enable small-molecule accumulation in Gram-negative bacteria, with current knowledge based largely on retrospective analyses of known antibiotics 11, 12 . In 2008, O'Shea and Moser reported that antibiotics that are effective against Gram-negative pathogens almost always have a molecular weight of less than 600 Da and tend to be very polar, as measured by ClogD 7.4 (the predicted octanol/water distribution coefficient at pH 7.4). These observations are consistent with porin architecture 11 and have been reinforced by other retrospective studies 12 . However, there are antibiotics that meet these polarity and size criteria but are inactive against Gram-negative species, suggesting that these properties do not fully encompass the determinants for small-molecule accumulation. In addition, retrospective analyses are highly skewed by the over-representation of certain drug classes. For example, one analysis showed that carboxylic acids were present on up to 40% of Gram-negative-active compounds; however, these carboxylic-acid-containing compounds were almost exclusively β -lactams 12 . Although some compound accumulation studies in whole cells have been performed [13] [14] [15] [16] , broad conclusions cannot be drawn from these small data sets (10-20 compounds and all within a single structural class). Perhaps most importantly, the canonical view about the importance of ClogD 7.4 and molecular weight for Gram-negative activity has not led to general strategies to convert Gram-positive-only compounds into broad-spectrum antibiotics. The seminal observation over 50 years ago that derivatizing penicillin G into ampicillin results in broad-spectrum activity 17 has not been generalizable, and important classes of antibiotics have coverage only against Gram-positive organisms despite intensive derivatization efforts. A systematic analysis of the accumulation of an unbiased and structurally diverse set of small molecules in Gram-negative bacteria has not been previously reported. Towards this end, we first assembled a diverse set of 100 compounds and quantified their capacity to accumulate in E. coli. As there are many variables affecting small-molecule accumulation (for example, multiple porins, efflux pumps and varying lipopolysaccharides) 5, 6, 8 , compounds were assessed in accumulation assays using whole cells, instead of model systems. From these experiments, subsequent structure-activity relationship (SAR) studies, and computational analyses, we developed predictive guidelines for small-molecule accumulation in Gramnegative bacteria.
Gram-negative antibacterial activity and ampicillin, consistent with measurement of accumulation as opposed to non-specific binding (Fig. 1a) . To further ensure that variations in observed accumulation levels were not due to differences in non-specific affinity for the membrane, penetrance was perturbed by co-treating E. coli with the membrane-permeabilizing agent colistin 19 ; an increase in accumulation for low-accumulating antibiotics (novobiocin, erythromycin, rifampicin and fusidic acid) was observed in this experiment (Fig. 1b) .
To understand the physicochemical properties that influence small-molecule accumulation in E. coli, a collection of diverse compounds was required. Given that most antibacterial drugs are natural products or derivatives, critical to this effort would be access to a collection of compounds that possess natural-product-like properties, but also are synthetically accessible so that various properties can be tuned, enabling SAR studies. Thus, these compounds were produced using the 'complexity-to-diversity' strategy, whereby diverse compounds are constructed from readily available natural products [20] [21] [22] [23] . To begin the analysis, a set of 100 compounds, including positively charged, negatively charged and neutral compounds, were synthesized and tested. The structure, molecular weight, ClogD 7. 4 and charge of all 100 compounds tested are provided in Supplementary Table 2 . As retrospective studies suggest that compound accumulation is related to ClogD 7.4 (refs 11, 12) , the accumulation data for all 100 compounds were plotted against ClogD 7.4 (Fig. 1c) . These results differ starkly from the conclusions reached in retrospective studies. Within this set of 100 compounds, charge is the primary factor dictating accumulation in E. coli. The positively charged compounds are the most likely to accumulate, with 12 of 41 positively charged compounds showing a significant level of accumulation compared to the low-accumulating controls. In contrast, 0 of 39 neutral compounds and 0 of 20 negatively charged compounds show significant accumulation. Notably, even carboxylic acids with strongly negative ClogD 7.4 values (< − 5) do not accumulate.
All 12 accumulating compounds contain amines, and most of these compounds (8 out of 12) are primary amines. To further examine the importance of the primary amine, a SAR analysis was performed for multiple different classes of accumulating compounds. Replacement of the amine with a carboxylic acid, amide, ester, nitrile, azide or alcohol on multiple different scaffolds markedly reduced accumulation (Supplementary Table 3 ). Even conversion of the primary amine to an amine with more substitutions had a deleterious effect on accumulation. Shown in Fig. 2 are three primary amines (1-3) alongside their methylated (4-6), di-methylated (7-9), tri-methylated (10) (11) (12) and acetylated derivatives (13) (14) (15) . In all cases, the primary amine shows the highest level of accumulation. Additional primary-aminecontaining compounds were then obtained and their accumulation in E. coli was assessed; these compounds are both 'complexity-to-diversity' compounds and commercially available primary amines that more closely mimic the types of compounds found in commercial screening libraries. For the total set of 68 primary amines (all structures in Supplementary Table 4) , accumulation does not increase with lower ClogD 7.4 (Extended Data Fig. 1a) , and there is also no correlation between accumulation and molecular weight (Extended Data Fig. 1b) . SAR analysis on several of these compounds also showed the importance of the amine for accumulation (Supplementary Table 3) .
Although the presence of a primary amine is clearly important for accumulation in E. coli, it is not sufficient: although 36 of the primary amines within the test set do accumulate, 32 of them do not. Therefore, a chemoinformatic approach was implemented to understand which factors contribute to amine accumulation. For this set of 68 primary amines, 297 molecular descriptors were calculated for each compound (see Supplementary Table 5 for descriptors). These descriptors were used to train a random forest classification model that predicts amine accumulation (Extended Data Fig. 2 ). Through this analysis, it was revealed that the flexibility (measured by the number of rotatable bonds) and shape of a compound are important factors that govern accumulation. Shape was best described by globularity 24 , a term used to provide information on the three-dimensionality of compounds 25, 26 , where a completely flat compound (for example, benzene) has a globularity of 0 and a spherical compound (for example, adamantane) has a globularity of 1. Case studies demonstrate the importance of flexibility and globularity for accumulation of the primary amines: as shown in Fig. 3a , amine 16 with four rotatable bonds accumulates well; however, amine 17, a compound of similar molecular weight and globularity but with 13 rotatable bonds, shows virtually no accumulation. Analogous results are observed in Fig. 3b , when comparing a compound with low globularity (18, globularity = 0.14) to a compound with similar functional groups, molecular weight and rotatable bonds, but with high globularity (19, globularity = 0.49); the globularity of each compound is most easily observed in its three-dimensional model Fig. 3b .
Although, in general, primary amines with five or fewer rotatable bonds and a globularity of 0.25 or less have a markedly higher likelihood of accumulation, two additional factors related to the placement of the primary amine are important. First, the random forest model identified increased amphiphilic moment, which measures the distance between hydrophobic and hydrophilic portions of a compound 27 , as favouring accumulation. Notably, although mono-amine isomannide (20) are observed for other compound classes (24-27) (Fig. 3c) . Accordingly, some degree of hydrophobicity appears necessary for accumulation, although in practice most organic compounds possess this feature. Second, two compounds in this set with sterically encumbered primary amines are not high accumulators (28 and 29; Fig. 3d ); both have low flexibility and globularity but contain a primary amine on a tetra-substituted carbon. This result is consistent with the increased accumulation of compounds in which the primary amine is systematically extended from a sterically congested ring system (30 < 1 < 31) (Fig. 3e) .
On the basis of these analyses, the following guiding principles for compound accumulation in E. coli were developed: compounds are most likely to accumulate if they contain a non-sterically encumbered amine, some non-polar functionality, they are rigid and have low globularity. As shown in Fig. 4a , the vast majority of compounds that meet these criteria in the test set accumulate in E. coli. Side-by-side comparisons of compounds containing two primary amines with analogues with one amine (six paired sets of compounds) largely follow the same rules for accumulation, with no clear effect of the second primary amine (Extended Data Fig. 3) .
To test the validity of these guidelines, the set of antibacterials assessed in ref. 11 was evaluated for charge, flexibility and globularity. For the charge analysis, antibacterial drugs containing an ionizable nitrogen were accepted. For Gram-negative antibacterials, only those predicted to enter through porins were included, and owing to the large number of β -lactams they have been excluded from the graph in Tables 6 and 7 , respectively). As is shown in Fig. 4b , for drugs with ionizable nitrogens, compounds that are active against Gram-negative bacteria cleanly separate from those with Gram-positive-only activity based on these two physicochemical parameters. No Grampositive-only antibacterial with an ionizable nitrogen has the correct rigidity and globularity for accumulation in E. coli. Although globularity was found to best predict accumulators and non-accumulators in combination with flexibility, other measures of three-dimensionality also exhibit the same trend (Extended Data Fig. 4a-d) .
To better understand the observed accumulation trends, the role of porins in accumulation was examined. First, the high-accumulation controls and eight high-accumulating compounds were tested in a strain with a diminished number of porins, and a decrease in accumulation was observed for all compounds tested (Extended Data Fig. 5b ; see Methods for a more detailed discussion of this experiment). Second, molecular modelling was performed on a subset of test set compounds and antibacterials as they traverse the major porin of E. coli, OmpF. Steered molecular dynamics (SMD) simulations were performed such that molecules were pulled through the constriction site of OmpF (Extended Data Fig. 6a ). The trajectory of high-accumulating compound 1 reveals a key interaction between the pendant amine and acidic residues (most often Asp113) that assisted in traversing the constriction site (Extended Data Fig. 7a, b) . This interaction was absent in the trajectory of a low-accumulating analogue of 1 (amide 13) (Extended Data Fig. 7c, d ). Further, amide 13 induces greater distortions in constriction-site residues as it is forced through the porin (Extended Data Fig. 6b, c) . In addition, minimal variation in permeability was observed for compound accumulation in protoplasts, supporting the hypothesis that traversing the outer membrane is the main barrier to small-molecule accumulation in Gram-negative bacteria 28 (see Methods and Extended Data Fig. 5c for more information).
The findings presented here are congruent with what is known about β -lactams and explain why their spectrum could be broadened whereas those of other classes could not. In previous analyses, positive charge has been found to greatly accelerate penetration of β -lactams through porins, whereas negative charge and bulky substituents impede penetration 29 . Indeed, early-generation β -lactams lacking an amine, such as penicillin G, are inactive against Gram-negative bacteria. Penicillin G has flexibility/shape parameters (rotatable bond = 4, globularity = 0.17) that make it a good candidate for conversion, and addition of an amine results in ampicillin (rotatable bond = 4, globularity = 0.12), which now meets all criteria for accumulation (structures in Extended Data Fig. 8a ). Although there are third and fourth generation β -lactams with Gram-negative activity that do not meet the guidelines outlined here, these β -lactams have greatly reduced accumulation in Gram-negative bacteria compared to their positively charged analogues that meet the flexibility and shape parameters but are considerably more stable to β -lactamases than the early generation β -lactams, thus requiring lower levels of accumulation for antibacterial activity 29 . As delineated herein, to favour Gram-negative accumulation, an amine should be embedded on a compound with proper flexibility and shape parameters; these results explain why the simple addition of an amine has not been a generalizable strategy to increase Gram-negative accumulation and activity for other antibiotic classes. As one example, there are no differences in the spectrum of activity observed for erythromycin versus 9(S)-erythromycylamine 30 ; as shown in Extended Data Fig. 8a , these compounds do not possess the appropriate rotatable bond and/or globu larity parameters for accumulation.
Design of antibiotics for Gram-negative bacteria
Our findings, in principle, should be able to guide the conversion of certain Gram-positive-only antibacterials to those that also have activity against Gram-negative bacteria. This would be a valuable and directly actionable feature of these results, one that could enable the production of candidate broad-spectrum antibacterials. The most straightforward method to accomplish this conversion would be to identify Gram-positive-only antibacterials that already have the proper flexibility and shape to accumulate in E. coli, and then append a primary amine without disrupting the ability of the compound to interact with its cellular target. Thus, a rotatable bond and globularity analysis of antibacterial agents with Gram-positive-only activity was conducted and used to select the natural product deoxynybomycin (DNM) as a good candidate for conversion to a broad-spectrum agent. DNM has antibacterial activity through inhibition of wild-type and mutant DNA gyrase, and DNM and its derivatives are active only against Grampositive bacteria 31, 32 . DNM has no rotatable bonds and a globularity of 0.02, suggesting that the addition of an amine to a position that does not alter the DNM antibacterial activity would provide a derivative able to accumulate in and be active against Gram-negative pathogens. To facilitate construction of a derivative with a primary amine, an analogue of DNM was first synthesized, the five-membered ring in DNM of which is expanded to a six-membered ring (6DNM, Fig. 5 ). 6DNM is active against Staphylococcus aureus (MIC = 0.06-1 μ g ml ) but shows no activity against E. coli (MIC > 32 μ g ml , Fig. 5 ). Assessment by the accumulation assay revealed that 6DNM has low accumulation in E. coli (Fig. 5) . A derivative of 6DNM was then synthesized that maintains low numbers of rotatable bonds and globularity, but that also contains a primary amine (6DNM-NH3, Fig. 5 ). 6DNM-NH3 retains activity against S. aureus, but it also accumulates in E. coli at high levels. Consistent with this enhanced accumulation, 6DNM-NH3 shows considerable activity against E. coli MG1655 (MIC = 0.5 μ g ml
) (Fig. 5) . Similar to observed patterns of accumulation from the test compounds, when the amine of 6DNM-NH3 is acetylated or replaced with a carboxylic acid, the resulting compounds (6DNM-amide and 6DNM-acid) do not accumulate in E. coli and also show no activity against E. coli (Extended Data Fig. 8b ). 6DNM and its derivatives were further evaluated against an expanded panel of Gram-negative pathogens, laboratory strains and clinical isolates of ESKAPE pathogens (E. coli, Acinetobacter baumannii, Klebsiella pneumoniae, Enterobacter cloacae and Pseudomonas aeruginosa) (Fig. 5, Extended Data Fig. 8b ). Whereas 6DNM possesses no notable activity against these Gram-negative organisms, 6DNM-NH3 has antibacterial activity against all of these Gram-negative pathogens except P. aeruginosa. Encouragingly, 6DNM-NH3 possesses activity against a multi-drug resistant New Delhi metallo-β -lactamase-1-producing strain of E. coli (ATCC BAA-2469); this clinical isolate is highly resistant to ciprofloxacin (MIC > 64 μ g ml ; Fig. 5 ) and many other antibiotics, but is killed by 6DNM-NH3 with an MIC of 4 μ g ml −1 (Fig. 5) . Consistent with other compounds analysed, accumulation of 6DNM-NH3 decreases in the absence of the major porins (Extended Data Fig. 5b ). In addition, SMD simulations were performed with 6DNM and 6DNM-NH3 as these molecules moved through the porin OmpF. Similar to SMD simulations for compound 1, the translocation of 6DNM-NH3 was assisted by a key interaction between the primary amine on 6DNM-NH3 and Asp113; 6DNM was incapable of this interaction and instead required distortion in Asp113 and neighbouring residues to allow passage (Extended Data Figs 6d-f, 7e-h ).
Discussion
The combined analysis of the test set compounds and antibacterials shows the benefit of an ionizable nitrogen on small-molecule accumulation in E. coli, and suggests that this nitrogen should be embedded in a compound that has strict geometrical constraints (shape and flexibility). Analysis of antibiotics that are active against Gram-negative bacteria suggests that the ionizable nitrogen can take many different forms; for our test set, we observe that accumulation diminishes with increasing substitution on the amine, although some non-primary amines still accumulate.
We anticipate that the guidelines for predicting small-molecule accumulation in E. coli described herein will be useful in multiple contexts, including: (1) conversion of Gram-positive-only antibacterials into broad-spectrum agents. As shown in Fig. 4b , Gram-positive-only antibiotics with an ionizable nitrogen do not have the proper rigidity/ shape parameters for accumulation, and it is also true that those with the proper rigidity/shape do not contain an ionizable nitrogen. As demonstrated with DNM, addition of a primary amine to compounds that meet the rigidity/shape requirements is an effective method to facilitate accumulation in E. coli. Our own chemoinformatic analysis shows that there are multiple Gram-positive-only antibiotics that are good candidates for conversion to broad-spectrum agents (Extended Data Fig. 9 ). (2) Guiding the construction of collections of compounds that are predisposed to accumulate in Gram-negative bacteria. Primary amines are not common in natural products; only 2% of compounds from the 'Natural Products' subset of the ZINC database and 3% of the NIH MLSMR repository natural products contain a primary amine (Extended Data Fig. 10 ). Furthermore, primary amines are vanishingly rare in standard screening collections with only 0.1% of compounds in the ChemBridge Microformat Set containing a primary amine (Extended Data Fig. 10 ). These very low percentages are probably a major reason why screening compound collections for novel chemical matter active against Gram-negative pathogens has been unproductive 1 . These data suggest that assembling and screening compound collections that meet the charge, rigidity and shape requirements may be a fruitful method of discovering novel leads for development of broad-spectrum antibiotics.
P. aeruginosa is known to be even less sensitive to antibiotics than most other Gram-negative bacteria 6 , consistent with our results with 6DNM-NH3. However, as demonstrated by the FDA-approved antibiotics tigecycline, amoxicillin and sulfadiazine, drugs without clinical activity against P. aeruginosa but that cover other important Gramnegative pathogens are valuable and highly sought after. A series of experiments similar to those described herein for E. coli will probably be needed to define traits that dictate accumulation of small molecules in P. aeruginosa, and this blueprint can probably also be applied to learn about compound accumulation in other problematic microorganisms; such experiments will help to define how variations in efflux pumps, porins and lipopolysaccharide structure affect small-molecule penetrance. These analyses will provide much-needed information about compound accumulation in bacteria, aiding in the discovery and develo pment of novel antibacterial agents.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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No statistical methods were used to predetermine sample size. The experiments were not randomized. The investigators were not blinded to allocation during experiments and outcome assessment. Accumulation assay. The accumulation assay was performed in triplicate in batches of ten samples, with each batch containing either tetracycline or ciprofloxacin as a positive control. E. coli MG1655 was used for these experiments as this strain has been only minimally altered from its K-12 progenitor 33 . For each replicate, 2.5 ml of an overnight culture of E. coli was diluted into 250 ml of fresh Luria Bertani (LB) broth (Lennox) and grown at 37 °C with shaking to an optical density (OD 600 ) of 0.55. The bacteria were pelleted at 3,220 r.c.f. for 10 min at 4 °C and the supernatant was discarded. The pellets were re-suspended in 40 ml of phosphate buffered saline (PBS) and pelleted as before, and the supernatant was discarded. The pellets were re-suspended in 8.8 mL of fresh PBS and aliquoted into ten 1.5 ml eppendorf tubes (875 μ l each). The number of colony-forming units (CFUs) was determined by a calibration curve. The samples were equilibrated at 37 °C with shaking for 5 min, compound was added (final concentration = 50 μ M), and then samples were incubated at 37 °C with shaking for 10 min. A 10 min time point was chosen because it is longer than the predicted amount of time required to reach a steady-state concentration 34 , but short enough to minimize metabolic and growth changes (no changes in OD 600 observed; CFUs were reduced by a factor of five after ciprofloxacin treatment for 10 min, but no other antibiotics had an effect). After incubation, 800 μ l of the cultures were carefully layered on 700 μ l of silicone oil (9:1 AR20/Sigma High Temperature, cooled to − 78 °C). Bacteria were pelleted through the oil by centrifuging at 13,000 r.c.f. for 2 min at room temperature (supernatant remains above the oil); the supernatant and oil were then removed by pipetting. To lyse the samples, each pellet was dissolved in 200 μ l of water, and then they were subjected to three freeze-thaw cycle of three minutes in liquid nitrogen followed by three minutes in a water bath at 65 °C. The lysates was pelleted at 13,000 r.c.f. for 2 min at room temperature and the supernatant was collected (180 μ l). The debris was re-suspended in 100 μ l of methanol and pelleted as before. The supernatants were removed and combined with the previous supernatants collected. Finally, remaining debris was removed by centrifuging at 20,000 r.c.f. for 10 min at room temperature. Supernatants were analysed by LC-MS/MS.
Samples were analysed with the 5500 QTRAP LC/MS/MS system (AB Sciex) with a 1200 series HPLC system (Agilent Technologies) including a degasser, an autosampler, and a binary pump. The liquid chromatography separation was performed on an Agilent SB-Aq column (4.6 × 50 mm, 5 μ m) (Agilent Technologies) with mobile phase A (0.1% formic acid in water) and mobile phase B (0.1% formic acid in acetonitrile). The flow rate was 0.3 ml min −1
. The linear gradient was as follows: 0-3 min, 100% mobile phase A; 10-15 min, 2% mobile phase A; 15.5-21 min, 100% mobile phase A. The autosampler was set at 5 °C. The injection volume was 15 μ l. Mass spectra were acquired with both positive electrospray ionization at the ion spray voltage of 5,500 V and negative electrospray ionization at the ion spray voltage of − 4,500 V. The source temperature was 450 °C. The curtain gas, ion source gas 1, and ion source gas 2 were 33, 50 and 65, respectively. Multiple reaction monitoring was used to quantify metabolites.
Power analysis was not used to determine the number of replicates. Error bars represent the standard error of the mean of three biological replicates. All compounds evaluated in biological assays were ≥ 95% pure. Colistin assay. Assays measuring permeabilization by colistin were performed as above, with the addition of 6.0 μ M colistin sulfate immediately before the compound of interest was added. Bacterial strains. MRSA and P. aeruginosa isolates were from Cubist Pharmaceuticals. E. coli MG1655 was provided by C. Vanderpool (UIUC). E. coli clinical isolates were provided by L. Zechiedrich (Baylor School of Medicine). E. cloacae ATCC 29893 was provided by W. van der Donk (UIUC). A. baumannii isolates were provided by J. Quale. E. cloacae and K. pneumonia Outer membrane protein profiles. The method used to compare the outer membrane proteins of E. coli BW25113 to outer membrane of the ∆ ompR E. coli from the KEIO collection was adapted from ref. 36 . Briefly, bacteria were grown to OD 600 = 1.0 at 37 °C in LB broth. 4 ml were centrifuged for 10 min at 2,350g at 4 °C, washed with 1 ml of 100 mM Tris-HCl, pH 8.0, with 20% sucrose and incubated on ice for 10 min. Cells were pelleted as before and taken up in 1 ml of 100 mM Tris-HCl, pH 8.0, 20% sucrose containing 10 mM sodium ethylenediaminetetraacetate (EDTA). Lysozyme was added to a final concentration of 100 mg ml −1 and incubated on ice for 10 min. MgSO 4 was added to 20 mM final concentration and RNaseA and DNaseI were added to a final concentration of 10 mg ml −1 . Cells were disrupted with five freeze-thaw cycles in dry ice/ethanol and a room temperature water bath. A sixth freezing sample was left to thaw on ice for 2 h. Membranes were pelleted for 25 min at 16,100g at 4 °C. The supernatants were discarded, and the pellet was washed and pelleted three times in 1 ml of 20 mM NaPO 4 , pH 7 and 0.5% sarkosyl. The protein extracts were taken up in 60 ml of Laemmli sample buffer (80 mM Tris-HCl, pH 6.8, 3% SDS, 10% glycerol, 5% β -mercaptoethanol, 0.02% bromophenol blue), boiled for 5 min and subjected to SDS-PAGE (12% polyacrylamide). Proteins were visualized by staining with Coomassie blue-G. Accumulation in a porin-knockout strain. As small molecules that traverse the outer membrane of Gram-negative bacteria predominately cross through porins, knocking out the major porins of E. coli would be expected to decrease compound accumulation. Although there are many porins present in E. coli, the two major non-specific porins are OmpF and OmpC, which are differentially expressed (based on the extracellular osmolarity) by the EnvZ/OmpR two-component regulatory system. A ∆ ompR strain of E. coli from the KEIO knockout collection was therefore chosen to effectively knockout both OmpF and OmpC (see Extended Data Fig. 5a for validation of knockout). For the control high accumulators ciprofloxacin, tetracycline and chloramphenicol, a significant decrease in accumulation is observed in the ∆ ompR strain of E. coli compared to the parental strain E. coli BW25113 (Extended Data Fig. 5b ), consistent with previous data demonstrating that these antibiotics enter through the OmpF and OmpC porins [37] [38] [39] . Eight high-accumulating compounds from the test set were also evaluated, and accumulation decreased in the ∆ ompR strain (Extended Data Fig. 5b ), suggesting that these porins are a major gateway to small-molecule accumulation for the compounds tested. Inner membrane permeability. A limitation to measuring accumulation in whole cells is that no distinction is made between periplasmic and cytoplasmic accumulation. To reach the cytoplasm of E. coli, compounds must also diffuse through the inner membrane, whose filtering properties may be different from the filtering properties of the outer membrane 28 . To examine this, high-accumulating compounds and some of their derivatives were tested for accumulation in E. coli protoplasts, cells lacking the outer membrane and peptidoglycan. As shown in Extended Data Fig. 5c , minimal variation in accumulation was observed between compounds in this experiment, supporting the hypothesis that traversing the outer membrane is the main barrier to small-molecule accumulation in Gram-negative bacteria. Accumulation analysis in protoplasts. The method for preparing protoplasts was adapted from Weiss 40 . 850 μ l of an overnight culture of E. coli MG1655 was diluted into 85 ml of fresh LB broth and grown at 37 °C with shaking to an OD 600 = 1.0. The bacteria were pelleted at 3,220 r.c.f. for 10 min at 4 °C and the supernatant was discarded. The pellet was washed three times with 10 ml of 10 mM Tris HCl buffer (pH 8), and the pellet was resuspended in 30 ml of 10 mM Tris HCl (pH 8) containing 0.5 M sucrose. Potassium ethylenediaminetetraacetate (EDTA, 0.5 M, pH 8.0) was added slowly over a period of 20 min to a final concentration of 0.01 M. The bacteria were shaken at 130 r.p.m. for 20 min at 37 °C, and then collected as before. The supernatant was discarded and the pellets were washed two times with SMM buffer (0.5 M sucrose, 20 mM sodium maleate, 20 mM MgCl 2 , pH 6.5). The bacteria were then resuspended in 30 ml of SMM buffer, 30 mg of lysozyme was added, and the bacteria were shaken at 130 r.p.m. for 1.5 h at 37 °C. The protoplasts were harvested by centrifuging at 2,000 r.c.f. for 20 min at 4 °C.
The protoplast pellet was resuspended in 20 ml of SMM buffer, and protoplast formation was confirmed by diluting an aliquot in water and observing a threefold decrease on OD 600 . To test accumulation, 500 μ l aliquots containing 20 μ M compound were shaken at 130 r.p.m. for 5 min at 37 °C. Samples were pelleted at 2,000 r.c.f. for 10 min at room temperature and the supernatants were discarded. The pellets were resuspended in 200 μ l of water and incubated at room temperature for 5 min. The lysed protoplasts were pelleted by centrifuging at 21,130 r.c.f. for 10 min, and the supernatant was analysed by LC-MS/MS for compound concentration as before. Data analysis and statistics. Statistical significance of accumulation was determined by using a two sample Welch's t-test (one-tailed test, assuming unequal variance) relative to the negative controls. Variance in accumulation across molecules was found to be unequal by Bartlett's test. For all other experiments, statistical significance was determined using an unpaired Student's t-test assuming equal variance as determined by an F-test. Sources of compound libraries for computational studies. Chemical structure data for the MicroFormat library was obtained from the ChemBridge website. Chemical structure data for the ZINC Natural Products library was obtained from http://zinc.docking.org/browse/catalogs/natural-products. Chemical structure data for the MLSMR-NP library was obtained from PubChem. Identification of predicted accumulators in commercial libraries. Compounds containing particular functional groups were identified and counted by substructure filtering with Open Babel, using the following SMARTS queries: Physiochemical descriptors (297, both 2D-and 3D-based) were calculated using MOE for each conformation. Descriptors were averaged (unweighted mean) across all conformations for each molecule. Data with descriptors were used to train a random forest classification prediction model using the R package caret. The random forest model offers many advantages for this application including resistance to over-fitting and the ability to measure descriptor importance 44 . Preprocessing of data removed descriptors with near-zero variance or high co-correlation with other descriptors. Source code for data analysis and model training can be found at https://github.com/HergenrotherLab/GramNegAccum.
An additional approximation of three-dimensionality, average distance to the plane of best fit (PBF), was calculated using a custom Python program. The PBF algorithm 45 was implemented in Python with SDfile I/O and structure representation being handled by libraries from Schrödinger. For each compound, the PBF algorithm determines the plane that best fits a set of 3D coordinates that represent the positions of all heavy atoms in the molecule using single value decomposition. The distance of each heavy atom to this plane is measured in angstroms and averaged. This Python program was incorporated into the Maestro GUI for convenient use. Source code can be found at https://github.com/HergenrotherLab/GramNegAccum. ClogD 7.4 values were calculated using the online compound property calculation software FAFdrugs 3 (http://fafdrugs3.mti.univ-paris-diderot.fr/index.html). Definitions of reported physiochemical properties. Rotatable bonds: count of single bonds, not in a ring, bound to a non-terminal heavy atom. Excluded from the count are C-N amide bonds because of their high rotational energy barrier 46 . ClogD 7.4 , the predicted octanol/water distribution coefficient at pH 7.4; globularity, inverse condition number of the covariance matrix of atomic coordinates (a value of 1 indicates a perfect sphere while a value of 0 indicates a two-or onedimensional object); PBF, average distance in angstroms of each heavy atom in the molecule to the plane that best fits atomic coordinates; PMI 1, first diagonal element of diagonalized moment of inertia tensor 47 ; PMI1/molecular weight, ratio of PMI 1 and molecular weight; vsurf_A, a vector pointing from the centre of the hydrophobic domain to the centre of the hydrophilic domain. The vector length is proportional to the strength of the amphiphilic moment 27 . Full experimental details and characterization data for all new compounds are included in the Supplementary Information. All-atom molecular dynamics simulations. Although SMD does not directly provide the free energy landscape, SMD is frequently employed to map the pathway for long timescale processes and has been previously used to study OmpF 48 . The simulation model was constructed using CHARMM-GUI [49] [50] [51] and comprised one OmpF monomer (PDB 3POX), 108 (90%) 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) lipid molecules, 12 (10%) 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG) 52 , and solvated with 8,234 water molecules in 150 mM NaCl (36 Na + and 15 Cl − ) for a total of 45,402 atoms. Hexagonal periodic boundary conditions were applied with a distance of 77.3 Å in the xy-direction and 92.8 Å in the z-direction. Electrostatic interactions were calculated using the particle-mesh Ewald (PME) method. Protein residues E296, D312, and D127 were protonated [53] [54] [55] . The simulations were performed at constant pressure (1 atm) and temperature (303 K) with a time step of 2 fs. Each small-molecule under investigation was manually placed directly above the pore. Restraints were initially applied to protein backbone and small-molecule analyte atoms and then removed to equilibrate the system. For SMD production simulations, each small-molecule analyte was pulled at the molecules centre of mass (5 kcal mol
) at a constant velocity (10 Å ns ) along the z-axis for 4 ns. The all-atom CHARMM force field was used for protein and lipids 56, 57 . TIP3P was used for water 58 . All the molecular dynamics simulations were carried out using the NAMD 2.11 scalable molecular dynamics program and run on Stampede at TACC. CHARMM residue topology and parameter files for the small molecules were constructed using CGenFF 59 . SMD trajectories were analysed and visualized using VMD 1.9.2 and rendered using Pov-Ray 3.6 (ref. 60) . Data availability. Source code for data analysis and model training can be found at https://github.com/HergenrotherLab/GramNegAccum. The authors declare that all other data supporting the findings of this study are available within the paper and the Supplementary Information. . 4a ) according to rotatable bond count and average distance to the plane-of-best-fit (PBF) 45 . b, Scatter plot of primary amines (compounds from Fig. 4a ) according to rotatable bond count and normalized principal moment of inertia (PMI1/molecular weight) 47 . c, Scatter plot of antibiotics (same compounds from Fig. 4b , plus β -lactams that are active against Gram-negative bacteria) according to rotatable bond count and PBF 45 . d, Scatter plot of antibiotics (same compounds from Fig. 4b , plus β -lactams that are active against Gramnegative bacteria) according to rotatable bond count and normalized principal moment of inertia (PMI1/molecular weight). e, Same plot as 
